Antimicrobial resistance (AMR) represents a serious threat to human health worldwide. We have tested the use of free-living small mammals (mice, voles and shrews) as sentinels of variation in the distribution of AMR in the environment and the potential for transmission from the natural environment to animal hosts. Escherichia coli isolated from the faeces of small mammals trapped at paired coastal and inland sites were tested for resistance to four antibiotics: trimethoprim, ampicillin, ciprofloxacin and cefotaxime. Coastal individuals were over twice as likely to carry AMR E. coli than inland individuals (79% and 35% respectively), and both between-site and between-species variation was observed. Animals from coastal populations also excreted increased numbers of AMR E. coli and a greater diversity of E. coli phylotypes, including human-associated pathogenic strains. Small mammals appear to be useful bioindicators of fine-scale spatial variation in the distribution of AMR and, potentially, of the risks of AMR transmission to mammalian hosts, including humans.
Introduction
The global impact of antimicrobial resistance (AMR) is a serious and growing concern. Antimicrobial agents, such as antibiotics, are used extensively in human and veterinary medicine, and often as part of routine agricultural production (Kümmerer 2009 ). Such widespread usage places bacteria under strong selection to evolve resistance . The emergence of AMR is compromising the effectiveness of human therapeutic treatments to such a degree that the future utility of antibiotics is rapidly declining (Wellington et al., 2013) . The phenomenon is complicated further by horizontal gene transfer, the process by which bacteria exchange adaptive genes (Thomas and Nielsen, 2005) . Genes conferring AMR can spread quickly, being passed on to bacteria that had never been exposed to the initial selective pressure and thereby disseminating throughout microbial communities (Allen et al., 2010) . With the generation of novel antibiotics having stalled (Harbarth et al., 2015) , research into the dynamics of AMR in a range of environments is of mounting importance. Attention has turned towards factors affecting AMR outside of the clinical realm (Pruden et al., 2013) . Environmental bacteria can be transferred directly or indirectly to humans, the effects of which are both difficult and expensive to discern (Leonard et al., 2015) . Previous studies have largely focused on the effects of agricultural pollution, showing that contact with livestock can result in wild animals, which would not ordinarily be exposed to antimicrobial agents, acquiring AMR bacteria (Guenther et al., 2010) . Waste-water treatment plants (WWTPs) have also been pinpointed as a potential source of AMR dissemination (Akiba et al., 2010; Amos et al., 2014; Pruden et al., 2012) . By processing waste from a variety of sources, WWTPs may constitute a hotspot for horizontal gene transfer between bacteria of diverse origins (Amos et al., 2014) . Sewage effluent thus provides a route for the transfer of resistance genes and/or bioactivecompounds, such as antibiotics, into natural bacterial ecosystems (Gaze et al., 2008; Bacquero et al., 2008) and recent research has demonstrated an increased risk of multidrug AMR bacterial carriage in water-associated species (Jobbins and Alexander, 2015) .
It has become clear that AMR is widespread in the environment, even in remote regions untouched by anthropogenic pressures (Sjolund et al., 2008) . Despite this, a lack of knowledge regarding variation in the distributions and sources of AMR is a key factor contributing to the ineffective mitigation of AMR spread and transmission . To help address this, recent studies have begun to consider the role of wildlife as bioindicators or sentinels for AMR (Carroll et al., 2015; Smith et al., 2014) . Due to their well-understood ecologies and extended migrations, birds have been employed to track the spread of AMR across environments (Radhouani et al., 2012; Alroy and Ellis, 2011) . Similarly, faecal samples from deer have been used to study patterns in AMR distribution across Ireland (Smith et al., 2014) . However, with the large home-ranges of such animals it is challenging to pinpoint factors contributing to exposure risk. To refine this picture, small mammals hold potential for examining the carriage rates of AMR in relation to agricultural exposure (Nhung Ochocinska and Taylor, 2005; Allen et al., 2011; Kozak et al., 2009 ) and as wider sentinels of AMR, particularly in response to potential sources of anthropogenic pollution.
The objective of this study was therefore to assess the utility of small mammals as indicators of spatial variation in AMR in the environment in relation to distance from a waste-water impacted watercourse. Small mammals have been documented to interact frequently with sources of human and agricultural waste (Radhouani et al., 2014) and are thus potentially exposed to anthropogenic sources of AMR in the environment. Due to their ubiquitous nature, small home ranges and often generalist diets (Korn, 1986) , we predicted that using small mammals would be well suited to detecting previously unstudied fine-scale variation in AMR distribution patterns. By studying the carriage rate and abundance of AMR in a range of wild host species across littoral and inland sites we were able to investigate spatial variation in AMR and test our hypothesis that coastal populations would harbour higher levels of AMR bacteria due to their exposure to a potentially polluted aquatic environment.
Methods

Trapping and sampling
Seven pairs of sites were chosen downstream of a waste-water treatment plant (WWTP) in South-West England that handles flows from a residential population of over 25,000 (Cefas, 2012) . Treated effluent is discharged into the adjacent tidal river. Each site pair consisted of an area on the river edge ('coastal') and a nearby natural area 120-240 m inland ('inland'); see Fig. 1 .
All transects were positioned at least 100 m apart in order to exceed the ranges of target species in woodland habitats (Corp et al., 1997; Korn et al., 1986) .
Small mammals with limited home ranges and that were likely to be caught in the study areas comprised rodents: wood mice (Apodemus sylvaticus), field and bank voles (Microtus agrestis and Myodes glareolus, respectively) and Soricomorphs: common and water shrews (Sorex araneus and Neomys fodiens). Animals were live trapped in November and December 2014 using BioEcoSS TubeTraps (BioEcoSS, Bridgnorth, UK), which were baited with hay, peanuts, dried mealworms and carrot. A single transect of 12 plots was set out at each site, with 5 m spacing and 2 traps at each plot. Inland transects followed natural lines such as hedgerows while the coastal transects followed the bank of the river. Trapping was conducted for one night at each site other than 6 and 7, where trapping continued for 3 and 2 nights respectively due to the low number of animals caught. Traps were thoroughly cleaned with 70% ethanol between each trapping event. Trapped animals were handled to assess species, sex and weight. Each animal was marked via a temporary fur clip to prevent sampling individuals repeatedly. Faecal pellets were collected from each successful trap using sterile tweezers and stored in Eppendorf tubes before being transported to the laboratory, where they were immediately refrigerated at 4°C. All samples were processed within 12 h of their collection.
Bacterial culture
Escherichia coli was selected as a focal species due to its longrecognised status as an indicator of the dissemination of pathogenic bacteria in the environment (Radhouani et al., 2014) . Faecal samples were suspended in 1.4 ml of 0.85% NaCl, broken up using inoculation loops and vortexed. Samples were then centrifuged at 1000 rpm for 10 min. Any sample that failed to generate at least 600 µl of supernatant was centrifuged again. The supernatant was used to make a dilution series from 10 −0 to 10 −6 to ensure the generation of viable plate counts. Chromocult Coliform Agar was prepared according to manufacturer instructions and amended with either trimethoprim (4 µg/ml), ampicillin (8 µg/ml), ciprofloxacin (1 µg/ml) or cefotaxime (2 µg/ml) as dictated by the clinical breakpoints published for resistant enterobacteriaceae (EUCAST 2016) . Each sample (50 µl) was then plated across the range of dilutions for each antibiotic and unamended Chromocult before being incubated at 37°C for 20 h. Resultant colonies were then counted; blue colonies indicated presumptive E. coli while pink colonies indicated other coliforms. The number of resistant colonies was expressed per gram of faeces corrected for weight of faeces used in inocula.
To obtain a subset of the most abundant E. coli phenotypes for further genetic analysis, a maximum of 4 colonies from non-selective plates and 7 ampicillin resistant E. coli colonies were picked at random from each sample; being potentially more clinically relevant, a larger number of resistant colonies were examined than colonies from nonselective plates. These were suspended in 1 ml of Luria Broth either unamended (colonies from non-selective plates) or amended with 8 µg/ ml ampicillin (resistant colonies). These were incubated overnight at 37°C and 160 rpm. Following incubation, 300 µl of each sample was L.E. Furness et al. Environmental Research 154 (2017) 28-34 then transferred to a cryogenic tube containing 200 µl glycerol. Samples were then vortexed and stored at −80°C. As numbers of colonies were not sufficient for meaningful statistical analysis, no phylotyping of cefotaxime, ciprofloxacin or trimethoprim resistant strains was undertaken.
Phylotype analysis
Frozen isolates were thawed and re-plated on to unamended LB Agar or LB Agar amended with ampicillin as above. Bacteria were grown overnight at 37°C. Colonies were then picked using inoculation loops and suspended in 200 µl TE1 buffer. After brief vortexing, samples were placed in a heating block (100°C) for 5 min to cause bacteria to lyse. Quadruplex PCR amplification of arpA, chuA, yjaA and TspE4.C2 genes was performed following the protocol described by Clermont et al. (2013) . PCR products were viewed by electrophoresis in 2% agarose gel with ethidium bromide and UV light. The presence or absence of the aforementioned genes indicated the E. coli phylo-group (A, B1, B2, D, E, F, E Clade, E. albertii or Unknown).
Statistical analysis
Culturable E. coli were present in every faecal sample collected, allowing data from all individual small mammals sampled to be used in statistical analysis. Due to the low capture rates of some species, N. fodiens and S. araneus were grouped as 'shrews', while M. glareolus and M. agrestis were grouped as 'voles'. A logistic regression was performed to determine the factors affecting the presence or absence of antibiotic resistant E. coli in each animal. A generalised linear model was fitted using the terms 'capture location' (coastal vs. inland), 'site' and 'species'. This model was first fitted for the presence of any antibiotic resistant strain and was then repeated for each antibiotic individually. An interaction term between capture location and site was initially included but in each case was found to be insignificant and was removed. To assess the relationship between prevalence of antibiotic resistance and proximity to the waste water treatment plant, a Pearson's product-moment correlation was performed. Distance was measured in miles from the centre of each coastal site to the WWTP following the path of the river using the ruler function on Google Earth. A generalised linear model was fitted to analyse variation in the relative abundance of antibiotic resistant E. coli per gram of faeces. The same factors (capture location, site and species) were used. This analysis was repeated for each antibiotic. The interaction term between capture location and site was initially included but in each case was found to be insignificant and was removed. To assess the relationship between the abundance of antibiotic resistant E. coli and proximity to the WWTP, a Pearson's product-moment correlation was performed.
Simpson's Index of Diversity (Simpson, 1949 ) was used as a measure of the diversity of phylotypes of E. coli found at paired coastal and inland sites. These measures were compared using a paired t-test. All statistical tests were conducted using R version 3.1.2 and results were considered to be significant when P < 0.05.
Results
Faecal samples were collected from 74 animals belonging to five small mammal species (Apodemus sylvaticus (n=59), Microtus agrestis (7), Myodes glareolus (2), Sorex araneus (5) and Neomys fodiens (1)). Resistance to each of the four antibiotics tested was observed in this sample, though the carriage rate and abundance in faeces varied widely. The most common resistance phenotype observed was to ampicillin, with 46% of all animals sampled harbouring ampicillinresistant E. coli. Resistance to cefotaxime was rarely seen (8% of individuals) and was only found in coastal animals. Abundance of antibiotic resistant E. coli ranged from 0 to 4878 CFUs per gram of faeces. Again, the highest abundance of resistant colonies was seen for ampicillin.
3.1. Carriage rate of antibiotic resistant E. coli
Overall
Capture location significantly affected the presence of antibiotic resistant E. coli (GLM, X 2 1 =14.73, P < 0.001); individuals in coastal populations were more than twice as likely to harbour antibiotic resistant E. coli compared to inland individuals (Table 1) . There was significant between-site variation in carriage of antibiotic resistance (GLM, X 2 1 =7.19, P < 0.01) though this did not relate to distance from the waste water treatment plant in either coastal (Pearson's productmoment correlation, r=0.33, t 5 =0.77, P=0.47) or inland populations (r=0.43, t 5 =1.05, P=0.34).
Small mammal species varied significantly in their carriage rates of antibiotic resistant E. coli (GLM, X 2 2 =10.40, P < 0.01). Shrews exhibited the highest carriage of resistant E. coli (100%) while mice exhibited lower carriage rates, though this was still greater than half of the sampled individuals (Table 1) .
Individual antibiotics
Capture location significantly affected the presence of E. coli resistant to ampicillin (GLM, X 2 1 =7.62, P < 0.01), cefotaxime (GLM, X 2 1 =7.38, P < 0.01) and ciprofloxacin (GLM quasi-Poisson, F 1, 71 =5.53, P < 0.05), with coastal individuals being more likely to excrete bacteria with these resistance phenotypes than inland individuals (Fig. 2) . While trimethoprim resistance was seen more commonly in coastal individuals than inland individuals, this difference was not found to be significant (GLM, X 2 1 =2.14, P=0.14). There was between-site variation in the carriage of resistant E. coli for each antibiotic tested (GLM, Small mammal species varied significantly in their carriage rates of ampicillin resistant E. coli (GLM, X 2 2 =18.27, P < 0.001). All shrews sampled harboured ampicillin resistant E. coli compared to 60% of voles and 35% of A. sylvaticus. Carriage of trimethoprim resistant E. coli also varied significantly between small mammal species (GLM, X 2 1 =6.05, P < 0.05), with shrews exhibiting the highest prevalence of resistance (29%) and voles exhibiting the lowest prevalence of resistance (10%). The prevalence of E. coli resistant to cefotaxime and ciprofloxacin did not vary between species (GLM, X 2 2 =2.20, P=0.33; GLM quasi-Poisson, F 2,69 =0.36, P=0.79).
Abundance of antibiotic resistant E. coli
Overall
Capture location significantly affected the abundance of antibiotic resistant E. coli (GLM, X 2 1 =5.48, p < 0.05), with higher abundances of resistant E. coli being excreted by coastal individuals compared to inland individuals (Fig. 3) . The abundance of antibiotic resistant E. coli varied significantly between sites (GLM, X 2 1 =5.21, p < 0.05) but this did not relate to distance from the waste water treatment plant in either coastal (r=0.46, t 5 =1.16, P=0.29) or inland populations (r=0.20, t 5 =0.46, P=0.67). There was no variation in abundance of antibiotic resistant E. coli between small mammal species (GLM, X 2 2 =0.45, P=0.80).
Individual antibiotics
Capture location significantly affected the abundance of E. coli resistant to ampicillin (GLM, X 2 1 =5.42, P < 0.05), cefotaxime (GLM quasi-Poisson, F 1,71 =7.99, P < 0.01) and ciprofloxacin (GLM quasiPoisson, F 1,71 =5.16, P < 0.05), with higher abundances being harboured by coastal individuals than inland individuals. Abundance of trimethoprim resistant E. coli was not significantly affected by capture location (GLM quasi-Poisson, F 1,69 =1.16, P=0.29). Abundance of ampicillin, cefotaxime and ciprofloxacin resistance varied between sites (GLM, X 2 1 =5.21, P < 0.05; GLM quasi-Poisson, F 1,71 =8.37, P < 0.01; GLM quasi-Poisson, F 2,71 =4.17, P < 0.05), but again there was no between-site effect on abundance of trimethoprim resistance (GLM quasi-Poisson, F 1,69 =0.46, P=0.50). 3.3. Phylotype diversity E. coli phylotype diversity was significantly higher in coastal sites than inland sites (Paired t-test, t 6 =3.14, P < 0.05), with coastal sites having a mean diversity index of 0.66 (SE Mean=0.05) and inland sites having a mean diversity index of 0.37 (0.08). Two of the ten phylotypes seen (D and E) were only present in coastal individuals. Group A was the dominant phylotype across both sites, accounting for 49% of all inland strains and 38% of coastal strains. Of animals that had two or more isolates categorised, 65% of coastal individuals and 40% of inland individuals carried multiple E. coli phylotypes. The number of isolates of each phylotype and the corresponding numbers of animals harbouring them are detailed in Table 2 .
Discussion
By using small mammals as sentinels for AMR exposure and transmission, significant differences in the carriage rate, abundance and diversity of antibiotic resistant E. coli in the environment were detectable with a small number of faecal samples taken at fine spatial scales. This finding provides insight not only into patterns of environmental distribution but also factors affecting risk of exposure, and perhaps colonisation. Our results demonstrate the utility of a novel surveillance method with the potential to aid our understanding of the fine-scale dispersion of AMR across a range of environments and indicate transmission risk without the need for human studies. Detection of between-species variation indicates the likely effect of variation in host ecology on AMR carriage rates.
The strong overall effect of location (inland or at the coast) on both carriage rate and abundance of AMR E. coli supports the hypothesis that proximity to this water body increased the likelihood of carriage of AMR E. coli. To see such a marked difference on this small spatial scale indicates a biologically significant effect of contact with the water or of living in the littoral environment. The increased presence of either antibiotics, antibiotic resistant bacteria or mobile genetic elements in littoral terrestrial environments is likely due to water-borne sources of Error bars are ± standard error of the mean. Note that no cefotaxime resistant E. coli were detected in inland samples.
L.E. Furness et al. Environmental Research 154 (2017) 28-34 contamination. Counts from a shellfish farm in the sampling vicinity support this, indicating high levels of E. coli in shellfish flesh at the time of sampling (Cefas, 2015) . Small mammals could in turn acquire resistant bacteria through the direct ingestion of polluted water or by consuming plant material, faecal matter or prey items that have been exposed (Shore et al., 2014) . These results are in line with findings of other studies. For example, it has been shown that black-headed gulls (Larus ridibundus) nesting nearby waste and agriculture impacted water, harbour more antibiotic resistant E. coli than birds associated with unpolluted water (Dolejska et al., 2007) . Furthermore, in the United States Bonnedahl et al. (2009) found that resistant E. coli profiles from herring gulls (Larus argentatus) mirrored those of human wastewater isolates. Such findings suggest that bodies of water polluted through anthropogenic activity confer an exposure risk in neighbouring terrestrial environments to wildlife populations they support.
There was no correlation between distance from the treatment plant in either the prevalence or abundance of antibiotic resistant E. coli. While such an effect might be expected as the distance from the outflow increased, tidal action and dilution may result in a highly mixed water body at the scale over which the study was conducted. In addition, although it is clear that proximity to the aquatic environment is associated with higher levels of AMR in small mammal gut flora, the effects of sewage effluents cannot be disentangled from other potential contributing factors. One such factor is agricultural runoff, the process by which water from farmland, contaminated via practices including manure spread and livestock feed, in turn contaminates waterways (Gaze et al., 2008) . As there is little separation in the types of antibiotics used in human and animal medicine (Laxminarayan et al., 2013) , the patterns of resistance to specific antibiotics fails to help distinguish the point-source of pollution. Future studies could utilise microbial source tracking technologies to detect signatures of human vs. animal strains, helping to expose the relative contributions of potential pollution sources (Meays et al., 2004) and thus direct mitigation efforts.
Variation in carriage of AMR between small mammal species is particularly interesting, suggesting that exposure of mammalian hosts to antibiotic resistant E. coli is not yet ubiquitous in the environments sampled. All of the small sample of shrews analysed, independent of capture location, harboured antibiotic resistant E. coli, whereas mice and voles displayed a range of carriage rates (Table 1 ). This variation is likely due to the differing ecologies of the sample species. Shrews are insectivorous predators (Churchfield et al., 1982) , while voles are predominantly herbivorous and wood mice are more opportunistic generalists (Harris and Yalden, 2008) . By feeding at a higher trophic level, shrews may experience bioaccumulation and biomagnification of AMR, as documented in seven-striped carp (Probarbus jullieni) (Boonsaner and Hawker, 2013) . Due to their high metabolic rates, shrews must also forage almost constantly to satisfy their energetic demands (Ochocińska and Taylor, 2005) . They may therefore have a greater opportunity of being exposed to environmental reservoirs of antibiotics or resistant bacteria. However, as the total number of shrews was low in comparison to other study species, a greater sampling effort would be required to confirm this result. Due to the between-host variation seen, it is important that small mammal species are considered separately in future analyses. The selection of a single model species as a sentinel that is ubiquitous and which exhibits variation, i.e. the wood mouse A. sylvaticus in Great Britain, may be beneficial.
Both carriage rate and abundance of resistant E. coli varied according to the type of antibiotic. Resistance to ampicillin was by far the most common form of AMR seen, perhaps reflecting the longstanding common use of β-lactam antibiotics in both human and veterinary medicine (Stedt et al., 2014) . This is in concordance with other studies, where ampicillin resistance is often amongst the most L.E. Furness et al. Environmental Research 154 (2017) 28-34 common (Kozak et al., 2009; Carroll et al., 2015) . Appearing in just 8% of individuals, and only ever in coastal environments, cefotaxime resistant E. coli were comparatively rare. While this is in agreement with one study on buzzards in which cefotaxime susceptibility was high (Radhouani et al., 2012) , these results contrast with other research (Veldman et al., 2013) , where a variety of wild bird species sampled all carried cefotaxime resistant E. coli. It is likely that ecological difference in the study species used also influenced the carriage rates detected. Small mammals have very limited home ranges in comparison with bird species used in the majority of previous studies, and it is likely that fine-scale variation in cefotaxime resistance in the environment was simply not picked up by these wide-ranging animals. The mechanism of antibiotic resistance may also play a role in the carriage rates seen. For example, quinolone resistance generally results from chromosomal mutations which cannot be transferred horizontally (Williams et al., 2011) , which could explain the much lower occurrence of ciprofloxacin resistance in comparison to ampicillin. Although no significant difference was found between inland and coastal trimethoprim resistance carriage rates, more coastal animals did excrete trimethoprim resistant E. coli showing the same trend as the other resistance phenotypes. This finding could therefore be an artefact of small sample size, and extended sampling would provide the statistical power to distil any meaningful effects. E. coli is a diverse species which can be first split into commensal and extra-intestinal pathogenic strains (Wirth et al., 2006) . With each E. coli phylotype having a distinct ecological niche, life-history and predisposition to cause disease, much can be learned through categorising strains (Gordon et al., 2008) . The higher E. coli phylotype diversity observed in coastal environments suggests that animals in these habitats are exposed to a greater diversity of bacteria than inland environments. This is likely due to the direct introduction of bacteria from multiple origins into the aquatic environment and the subsequent contamination of the terrestrial environment. The diversity of bacteria in such areas could enable horizontal gene transfer from a variety of different bacteria, and thus the generation of novel genetic combinations. Of the two phylotypes that were only present in coastal environments, group D is of most interest. Strains of group D, which are more likely to be pathogenic, are associated with omnivores, namely pigs (Sus scrofa) and humans (Carlos et al., 2010) . The presence of these groups thus suggests contamination from human waste in the study catchment. Moreover, the higher abundance of E. albertii, an emerging enterohemorrhagic human pathogen of as yet unknown importance (Ooka et al., 2012) , in coastal populations further suggests a potential risk of exposure to aquatic contamination.
Although the interaction between reservoirs of AMR in the environment and human health risk remains unknown, the overall prevalence of AMR observed in this study is highly concerning. Considering that between 1940 and 2004 over 70% of emerging human diseases originated in wildlife (Jones et al., 2008) , and that antibiotics are our primary method of treating bacterial infections, the high carriage rates and diversity of antibiotic resistant E. coli found in wildlife in this environment may reflect an as yet poorly understood hazard to human health. Leonard et al. (2015) estimated that over 6 million human exposure events took place in 2012 to cefotaxime resistant E. coli in recreational coastal bathing waters in England and Wales, while another study documented the outbreak of gastrointestinal illness in one third of swimmers in the River Thames (Public Health England, 2012) . Carriage of cefotaxime resistant E. coli was only observed in coastal animals in this study indicative of transmission of clinically significant AMR from environment to mammalian hosts. A growing body of evidence examining the role of aquatic pollution in AMR transmission suggests that this phenomenon is unlikely to be limited to this specific river catchment and may therefore indicate a widespread hazard associated with littoral environments. Further research should examine the association between recreational exposure to coastal waters and gut carriage of AMR in humans to assess the ability of our model system to predict wider transmission risks. Strategies to inform public health risk could subsequently be evaluated by using small mammals as environmental sentinels, enabling appropriate mitigation strategies to be implemented.
